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EXECUTIVE SUMMARY

This report compiles Lessons Learned from several unmanned ground vehicle (UGV)
programs that could be relevant to the objectives of the Very Shallow Water (VSW) Mine
Countermeasures (MCM) and Explosive Ordnance Disposal (EOD) Unmanned Underwater
Vehicles (UUV) program.

Lessons Learned were collected from over 50 experts within the UGV community,
through interviews and reviews of published work. Lessons Learned were also inferred from
an analysis of the evolution of certain UGV efforts. The Lessons Learned are organized and
presented in this report within three general areas: operations, programmatics, and
technologies.

The recurring operational Lessons Learned involve issues of control unmanned vehicles
operating among and in collaboration with humans. Aside from the technological deficiencies
of onboard information processing, and of the persistent use of open-loop sensing in
teleoperated and supervisory controlled vehicles, the difficulties in control result primarily
from communication problems. Most control strategies now depend upon communications,
and communications are undependable, because there are many vulnerabilities in its chain,
including the likelihood of jamming in tactical situations. The problems of communications
and control, common to the UGV environment, are exacerbated for VSW mine
countermeasure tasks by the opacity to radio frequency (RF) energy, multipath for sound, and
other sources of noise in that environment. Control remains a significant operational problem
on land and in the water.

The recurring programmatic Lessons Learned involved the management of customer
expectations and the definition of useful products, both of which generally exceed the
prevailing technological possibilities and, as a consequence, limit opportunities for funding.
Involving the user/customer early in the development cycle, often through operational testing
of prototypes, successfully shaped expectations and defined and developed a few feasible
applications. Because robotics applications are new to the operational environment, it is
important to provide useful products in the beginning that will engender user acceptance of
the technology and facilitate the necessary research and development (R&D) to provide the
required capabilities.

The recurring technology Lessons Learned clustered around the problems of making sense
out of the available onboard sensor data to automatically generate appropriate UGV control
commands. Human perception, which permits successful teleoperation, is beyond the
capabilities of contemporary machine perception algorithms. The workaround solutions
generally have involved non-human mechanisms (i.e., short-range sound navigation and
ranging (SONAR) for automatic object detection in-doors, mid-range laser detection and
ranging (LADAR) for automatic object detection, the global positioning system (GPS) for
automatic localization out-of-doors, tags for cooperative target recognition, and the
restrictions of movement to navigable pathways in both environments). Few of these methods
are likely to work underwater. However, for VSW/surf-zone (SZ) operation, in addition to
SONAR, chemical and tactile detectors may be used for mine detection, localization, and
classification, if further research and development investments are made.



Following our presentation of the Lessons Learned from those UGV experts that we had
an opportunity to interview, we took editorial liberty and presented near the end of this
report10 issues that we feel deserve greater attention in the robotics community. These issues
probably will not attract universal agreement. They represent an alternative view of the
situation. As a counterpoint, our 10 issues may stimulate dialogue essential to the discovery
of new solutions to the persistent problems that the reader will find evident herein.

The top 10 issues are as follows:

Uncertainty promotes survival. Whether robots are used in logistical support, in
reconnaissance, surveillance, and target acquisition (RSTA) support, or in tactical force
projection, they must be survivable. An adversary that is uncertain of the robot's next move is
less likely to prepare an appropriate countermove. Operators, however, prefer to accurately
predict and control the behavior of their robots. While this provides advantages for safe—if
limited—operation among friendly forces, predictability has definite disadvantages for
operation among hostile forces. Therefore, a degree of uncertainty must be inherent in robot
controllers for those robots to be successfully used in tactical operations.

Uncertainty also promotes perception. An indeterministic controller (based on fuzzy logic
and bi-directional mapping) is uncertain to itself as well as to observers, permitting the
construction of internal hypotheses or expectations. These hypotheses drive behavior. Self-
certainty is improved, without sacrifice to survivability, through the processes of feature
prediction precedent to—and validation consequent to—self-generated behavior. Therefore, a
degree of uncertainty must be inherent in robot controllers for those robots to be successfully
employed in uncertain environments.

Many simple cooperating agents are superior to one complex agent. The superiority of
large numbers has always been valid in military affairs. It is based on inviolable physical
principles. It applies to natural organisms, and will apply to robotics as well. The downside in
using large numbers of robots in the military context is in the difficulty of control. Operators
will be wary of such agents when control is a question. New operational doctrine will likely
be required to accommodate many robot agents in a tactical environment. New methods for
multi-agent coordination will be required to effectively apply many simple robots to any task
currently performed by humans. For this reason, there is a high program risk to the early
dependence upon multi-agent coordination for prosecution of the VSW MCM task.

New technology forces changes in operations. The military community tends to view
technology as an enabler of operations, but history has demonstrated repeatedly that new
technology is a transformer of military operations. As new technology forces changes in
operations, it is preferred to force those changes upon our adversaries, and for developers and
users first adapt to them. Thus, developers and users must remain alert to the opportunities
for operational change that would be permitted and required by introducing different robotic
technologies.

Understanding between the user and the developer is critical. Successful programmatic
decisions cannot be made without the program office/developer and the user acquiring a
comprehensive understanding of each other's constraints, capabilities, and expectations. The
user has come to the program office with a problem because old methods of operation,
supported by old technology solutions, no longer work. To accomplish a new solution, the



developer must understand the application and offer new technologies that improve
operational efficacy, while the user must understand the proposed solution, and adjust his
methods of operation accordingly. The optimal solution is a result of the combined
contributions from the developer and the user.

Understanding the technology is cost-effective. Because the natures of the end-state
solutions to the VSW/SZ MCM problem are not known with certainty, successful
programmatic decisions cannot be made without a comprehensive understanding of the
evolutionary possibilities of the supporting technologies. The program office must maintain a
continuous survey of the emerging technological capabilities in all areas of relevance to the
problem. This knowledge should enable the program office to pursue the most promising
long-term investments.

Simpler solutions provide better foundations. Our definition of a simple solution is that
process that meets a few of the requirements without violating any of the other requirements
applicable to the system in which it resides. By contrast, a complicated solution is that
process that meets some of the requirements while integrating badly with more traditional
solutions to the remaining requirements. Requirements may be added to the solution only as
long as the principle of simplicity is maintained. Natural selection in evolution is the model
for this process.

Integration is not easy. When humans pick up a tool, whether the tool is a new transducer
of environmental emissions like an infrared (IR) camera, or is an old force multiplier like a
lever, the tool is used through the existing innate capabilities to process data to and from our
five senses and many muscle groups. When we attempt to provide similar tools to a robot,
that is, when we attempt to integrate some function, we face two difficulties: (1) the robot has
little if any innate capability, and (2) the robot has little or no capacity to adapt to the new
tool. Thus, the robot is to some extent redesigned with each addition of a tool. This redesign
is the fundamental problem of integration. The difficulties of integration would be minimized
if the robot employed an existing interface to use new tools, and if the robot could cooperate
through adaptations of its control algorithms. These adaptations are a proven method of
vertical (hierarchical) integration. Robotics developers should first identify and implement
task-independent, adaptive, and general-utility core capabilities in the robot. The core
capabilities should then facilitate the incorporation of unique tools designed to address the
special circumstances of the assigned tasks and environments. There is a significant program
cost risk in pursuing solutions that do not integrate vertically.

Communications are not dependable. Even under the best of circumstances, wisdom
dictates a judicious independence from communications. Humans get by with very low
capacity and low reliability communications for this reason. The most useful robots will
demand the least from humans during task performance. Autonomy will be necessary to
permit the low levels of communications that will be available. Robotics developers should
explore technology and operational solutions that capitalize upon local autonomy and reduce
communication requirements. There is a significant operational risk in a dependence upon
communications, including satellite communications that serve the GPS.

Automaticity is not autonomy. Implementing automatic processes on a robot can reduce
the decision-making requirements of the human operator, but risk functional failure when the
control algorithms that govern the automatic processes have not been designed for the



prevailing conditions that either generate or require a response. It should be very difficult, if
not impossible, for programmers to provide for every exception in critical stimulus
conditions for which a novel response will be required. Autonomy results from the self-
modulation of responses (reflexes) that impact conditions in the internal and external
environments, based upon the confluence of factors prevailing in both, following rules that
promote the integrity and well-being of the agent. The criterion for successful autonomy is
survival, for which all novel responses are ultimately organized and executed. If survival is
not a required mission or task objective of the robot, then its processes, while automatic, will
not be autonomous, and the robot will likely fail as soon as the operating conditions deviate
from the designed range of its automatic mechanisms. Developers should first provide
application-independent autonomous capabilities for their robots. These capabilities will
establish the necessary basis for the evolution of systems capable of dealing adaptively and
appropriately with complex and unpredictable environments.

The road from teleoperation to autonomy does not exist. The road from teleoperation to
automaticity probably does exist, but automaticity is not autonomy. The mechanisms of
autonomy are fundamental and are re-expressed at all higher levels of the control architecture
of an autonomous system. They are bypassed only in pathology and disease. If robot
autonomy is our objective, and if humans remain in the robot control loop, then inadequacies
in our robot control algorithms will be masked, and we will continue to build upon a false
foundation to achieve autonomous capabilities. We should not attempt to follow a roadmap
from teleoperation through semiautonomous to autonomous capabilities, for that road does
not exist in reality. Rather, we should develop capabilities of fully autonomous, though
behaviorally simple, robots from the onset, following the principles of autonomy outlined
herein. But to do this, we must start with the simplest of tasks and add task and behavioral
complexity only to the degree that autonomy is not compromised.

vi
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1. INTRODUCTION

1.1 PURPOSE

The purpose of this effort is to compile Lessons Learned from the unmanned ground
vehicle (UGV) programs that could be relevant to the objectives of the Very Shallow Water
(VSW) Mine Countermeasures (MCM) and Explosive Ordnance Disposal (EOD) Unmanned
Underwater Vehicle (UUV) program.

Even though the operational environments of the UGV programs and the UUV program
are significantly different, Lessons Learned could save the VSW MCM UUV program
considerable time and resources.

The domain of relevant Lessons Learned could include program management and
contracting, operational concepts, sensor processing and navigation control software, multi-
vehicle coordination processes, and other related robotics technologies.

All of the above issues each fall into one of three general subject areas:

1. Operations
2. Programmatics
3. Technologies

Operations deals with the use of the agents in the assigned tasks and mission
environments. Generally, operations will involve the cooperation of robotic agents and
human operators who currently performed the tasks, and who will either collaborate in the
tasks, or will perform other tasks in the same mission environment.

Programmatics deals with the process of defining, funding, designing, producing, testing,
defending, supporting, disposing, and certifying the robotic agents for the intended tasks and
missions.

Technologies are the broad range of capabilities that support the robotic agent in the
performance of its tasks and missions, including power, communications, sensors, actuators
and effectors, control algorithms, and computational hardware.

We present herein Lessons Learned as reported by prominent members of the UGV
development community in each of three general subject areas defined above, interspersed
with our own editorial opinions on the issues.

1.2 APPROACH
1.2.1 What are Lessons Learned?
We presume that Lessons Learned are the conscious and communicable awareness of the

consequences of different actions, where some consequences are approved while others are
regretted.



1.2.2 Where can we find Lessons Learned?

Lessons Learned are often acquired by trial-and-error experience, and then written down
by the considerate developers and users of robotic systems and published for the benefit of
others. We, therefore, sought out and studied these informative publications.

More often, however, Lessons Learned are the essence of experience, and are indirectly
acquired by the inexperienced only by enrolling in formal courses of instruction. To gain the
benefits of others’ experience outside the classroom, we must persuade each teacher to
provide a private tutorial. This we have attempted to do through personal interviews.

Most often, however, Lessons Learned remain as unconscious or undocumented solutions
to problems that no longer recur in the particular developmental effort. They warrant no
further attention, and disappear from consciousness. The only way to recover these Lessons
Learned is to examine the evolution of the product and reconstruct the problems and their
solutions from the design or procedures that are presently working.

For example, in earlier times, when man fought with horse, lance, arrow, and sword, the
fortified castle proved to be an effective method of defense for a disadvantaged population.
By observing the operational use of castles under threat conditions, we could infer that the
defenders had learned that high thick walls improved their chances for survival. With the
introduction of gunpowder, this lesson was no longer valid. Castles crumbled and new
lessons had to be learned. One such lesson was that the faster one moved, the less likely one
would become a target. Mobility and maneuverability then resumed dominance in military
tactics.

The behavior of the practitioners, as much as their tutelage, can inform us of the lessons
that they have learned. We have therefore added commentary to our compiled listing of
admitted Lessons Learned that analyzes aspects of the behavior of the robotics developers
and users. This commentary represents our assessment of the factors that have driven and
may continue to drive the development and application of UGVs.

1.2.3 Sample Domain

We identified robotics experts in government, academia, and industry primarily by
reputation. We sent e-mail to these individuals for their Lessons Learned, and followed those
requests in most cases with telephone calls to complete their interviews. Other experts were
referred to us by our original list of contacts, and our information gathering process was
repeated with those referrals. We regret the omission of other prominent robotics experts with
whom we failed to make contact.

1.2.4 The Returns

In the time allotted for data collection we received hundreds of Lessons Learned,
contributed by over 50 experts in robotics technology development and robotics program
management, that are potentially relevant to the development and employment of small
unmanned underwater vehicle systems in the VSW MCM mission. The scope of the Lessons
Learned is apparent from the fourth level of the table of Contents of this document, while
Section 6 lists all cited contributors.



Table 1 lists the Government Program Offices, Government Laboratories, Academic
Institutions, and Commercial Enterprises from which we received those Lessons Learned.

Table 1. Organizations contributing Lessons Learned.

Program Offices Other Gov. Labs Academic Labs Commercial
Gov.
UGV/S JPO (RCSS, IDA NIST (XUY) WHOI (REMUS) SAIC (XUY)
SRS, Gladiator, MPRS, TUV,
Viking)
TARDEC (XUV) NAVSEA Sandia (Hagar, USC (SCOWR, Titan (SRS)
Hopper) MARS, Urbie)
PMS EOD (BUGS, DTRA SSC SD CMU (Gyrover, GDRS (MDARS-
RONS) (MDARS-I, MDARS- | Urbie) E, XUV)
E, MPRS, AUSS)
AFRL (ROCS, ARTS) 0oSD JPL (MARS, Georgia Tech.
FIDO, Urbie,
Nanorover)
PSE (MDARS-1, MDARS- TRADOC MIT (DARTs) iRobot (ALUYV,
E) DARTs, Fetch 11,
Urbie)
ARL (UGVTEE, XUV,
FCS)
DARPA (MARS, TMR-
Urbie)
NSF (SCOWR)
ONR (Gladiator)

Robotics products are indicated in italics. Organizations with robotics experts contributing
Lessons Leaned are indicated in boldface type

1.3 ORGANIZATION OF THIS DOCUMENT

This report is organized as follows. Section 2 discusses some of the operational factors
that contribute to the present VSW MCM mission. Section 3 lists open issues and outstanding
difficulties in VSW UUYV technology and operations. Section 4 catalogues and elaborates on
specific Lessons Learned from the UGV community. Section 5 summarizes 10 significant
issues arising from the Lessons Learned and offers recommendations to the VSW MCM
UUYV Program Office. References and sources cited are listed at the end of this report.
Appendices provide additional information for reference.

The presentations of UUV open issues and UGV Lessons Learned in Sections 3 and 4
respectively are organized along the three subject-area categories listed above, and at a
second level, along specific issues of program office concern. This organization is for
convenience of presentation only, and does not imply any independence of operational,
programmatic, and technological issues. Where obvious dependencies exist, we will try to
note them.

In the following three sections, information that comes primarily from either
transcriptions of interviews with experts or from extractions of published material, are
indicated by references and by 1/2-inch indentations of text. Each reference includes the
originator's last name and source date in boldface font [...]. The originator's full name,
source, and contact information are available in Section 6. The editors freely introduce and
provide commentary upon the referenced Lessons Learned with material that is neither
referenced nor indented. This material should be considered as editorial opinion.







2. The VSW MCM Mission and Environment

2.1 SOURCES OF INFORMATION ON THE VSW MCM MISSION AND ENVIRONMENT

The Office of Naval Research (ONR) released a Broad Agency Announcement (BAA) in
February 1998 to solicit studies of systems and technologies that would support manned and
unmanned VSW MCM missions. With this BAA, ONR provided online an information paper
that summarized the VSW MCM mission and its environment [ONR, 1998].

A recent published source for information on the VSW MCM environment is
Oceanography and Mine Warfare. This publication is also available online [NAS, 2000].

An operator's perspective on the VSW MCM mission is available in the Proceedings of
the 4™ International Symposium on Technology and the Mine Problem [James, 2000].

2.2 KEY CONSIDERATIONS ON ENVIRONMENT, PROCEDURES, AND TECHNOLOGY

The following paragraphs, outlining the current environment, procedures, limitations, and
technology, were provided by ABHC Scott Trieble, the sole member of the UUV platoon of
the only existing VSW MCM detachment in the U.S. Navy.

2.2.1 Operational Environment

Very shallow water (VSW) is defined as that expanse of water proximate to the
shore-line with a depth of from 40-10 feet. The surfzone (SZ) is defined as the
remaining water from 10 feet of depth to the beach. The VSW/SZ contains a variety
of obstacles including rocks, kelp, and eelgrass. Visibility is typically from 0-5 feet in
the daytime. Buoyant objects are subject to significant back-and-forth surge currents.
The slope of the shelf to the beach is uncertain and locally variable. Depending upon
the slope, the range between the possible locations of hostile forces on the beach and
the locations of MCM activity in the VSW/SZ can be from a few yards to a few
thousand yards. [Trieble, 2001]

2.2.2 Current Procedures

VSW MCM operations are accomplished at present using a combination of marine
mammals and human divers. Dolphins locate potential mines using endogenous
sonar, then drop pingers to tag locations. Human divers must reacquire the locations
by orienting to the pingers. The human divers then attempt to visually identify the
objects. If the objects are mines, the divers place timed charges and move on to the
next pinger. The Navy typically does not employ marine mammals and divers in the
SZ. Brute force neutralization by the laying out of a blanket of charges is used there
for in-stride breaching, although the breaching of obstacles in the surf zone is still
problematic. [Trieble, 2001]

The mine-hunting/clearing operations are carried out during nighttime because the
dolphins must be brought in by small boat, which would be at greater exposure to
hostile fire during the daytime. Human divers carry small chemical lights to use in



mine identification. If marine mammals are not available, the human divers can locate
mines using the AN-PQS2alpha hand-held sonar unit. Human divers have a lot of
gear to carry, including mine neutralization charges and the pinger localization or
sonar equipment. Deployment of divers by submarine is generally not feasible
because the deeper waters in the approaches to a possible mined landing sight are also
mined, and must be cleared by other means prior to submarine transit.

The size of the present VSW MCM Detachment is approximately seventy personnel.
Forty are in operations (mostly diver qualified), eighteen go into the water, twenty-
one service and control the dolphins, and six will operate the UUVs. [Trieble, 2001]

2.2.3 Current UUV Technology

In June of 2001, the VSW MCM Detachment received and began operating two underwa-
ter remotely operated vehicles. These vehicles are variants of the Woods Hole Oceanographic
Institute (WHOI) Remote Environmental Monitoring UnitS (REMUS).

Figure 1. WHOI REMUS vehicle.

REMUS is a low-cost autonomous underwater vehicle (AUV) developed by the
WHOI Oceanographic Systems Laboratory for coastal monitoring and multiple
vehicle survey operations [WHOI]. The REMUS vehicle weighs 120 pounds, is
powered by lithium-ion batteries, and can be deployed and recovered from a small
boat by two people. It navigates by orienting to a grid defined by pre-located pingers,
which may be placed by divers or surface craft. The vehicle locates mines using side-
scanning sonar. A map is created by downloading sensor data only upon recovery of
the vehicle. The vehicle has no obstacle avoidance capability, so it can be lost upon
collision with an obstacle. [Trieble, 2001]



2.2.4 Limitations of Current Procedures

Mine countermeasure operations are extremely hazardous to personnel. The
underwater environment, even without the presence of lethal explosives, is
unforgiving. Cold water limits the time divers may operate. Buried mines cannot be
located. Once set, the clocks in the mine neutralization charges can neither be reset
nor suspended. There is no capability to remotely synchronize the activation of the
charges. [Trieble, 2001]

Nighttime operation, necessitated by the likely presence of hostile forces near the beach,
significantly reduces visibility, defeating man's primary sensory capability. Passive IR and
other night-vision equipment, which are relatively inexpensive and widely available, could
expose the small boats and divers and eliminate the night operation advantage. Sonar
receivers and/or bioluminescence products, if placed in the minefields, could detect the
operation of the marine mammals and human divers.

The present UUV (REMUS) requirement for pre-placed acoustic grid markers imposes an
additional burden upon human operators. Loss of function of any acoustic grid marker could
disable the mapping capability of the UUV.






3. OUTSTANDING ISSUES FROM PREVIOUS UUV EFFORTS

This Section presents questions and unresolved issues from previous UUV efforts in an
attempt to highlight the pressing operational problems and technology needs that might be
unique to the VSW environment.

3.1 UUV OPERATIONS
3.1.1 A UUV Concept of Operations in VSW Reconnaissance Missions

It is often useful in any investigation, though often a little irritating, to start with a few
questions. These questions must go beyond the simple "what is the problem?", for to solve
any problem, one must know something of its mechanisms or contributing factors.

But first, let us begin with a restatement of the problem.

It is cheaper to build a mine than it is to build a countermeasure, and faster to build a
new mine than a new countermeasure. The miner seems to have the advantage in
staying ahead in this loop. [Jones, 2000]

Amphibious landings have been effectively practiced since at least the time of Homer, and
probably go as far back as the invention of the boat. The defenders of the beach have used
missiles, obstacles, and fire to discourage those landings. Today, mines of all types, placed in
sequence from deep water to beyond the surf line, make the transit from the deep water to the
land very hazardous. The mines can detonate on contact and on approach using various
clever sensors. As it is physically difficult to mask one's signature and harder still to be
immaterial without first encountering a mine, the mine seems to have the tactical advantage.

Since mines are themselves material, the standard approach has been to exploit the mine's
signature and after detecting it, to avoid it, or to neutralize it. Our objective has been to
develop better signature-recognition devices in our MCM equipment than the opposition
forces have in their mines, thus getting inside the opposing information loops. One difficulty,
however, is that the mine's reason for being is to self-destruct upon recognition of its target.
The mine can afford to make one false positive error, but we cannot afford to make one false
negative error. Again, the mine seems to have the advantage.

Is there a way to use the nature of the mine to our advantage? Or, to put the question
another way, is it always operationally appropriate to activate or neutralize a mine just before
our advance through the field? We could, for example, under certain circumstances, find it
expedient to activate or otherwise neutralize mines as they are laid. Just a few seemingly
random and ill-timed activations could significantly disrupt the mine-field seeding
operations. This disruption would require a pre-deployment of the MCM agent. But, however
we answer that question, we still must detect and neutralize a mine.



Following are a few other relevant questions on detection and neutralization:

Some preliminary questions on Detection:

v' s the system required to detect individual VSW mines or is the concept to
clear a path without necessarily detecting individual mines? I think the
JAMC program was doing the latter at least on the beach.

v’ If detection of individual mines is required, do we know what sensors can
accomplish this with high reliability, the characteristics of these sensors, and
the operating conditions necessary for successful performance? The answers
are likely to drive the systems.

v" How can the water movement in the surf area affect detection (for better or
worse)?

v" To what extent can the detection process be automated successfully?
[Schwartz, 2000]

Some questions on Neutralization:
v' Will VSW mines be neutralized individually? At the place where they are
located? If so, how?
v If not, how will neutralization be accomplished? [Schwartz, 2000]

Some questions on Tactical Situation Parameters:
v" s this a combat scenario as opposed to peacetime de-mining operation?
v' If so, what constraints does (possible) enemy presence impose (e.g., on
explosive neutralization)? [Schwartz, 2000]

While implicit in the above questions, a couple of additional questions may be raised:

» What are the schedule constraints between the deployment of the MCM assets, the
verification of a clear lane, the clearance of a mined lane, and the use of either
lane?

» s it strategically permissible to discourage or prevent the distribution of mines prior
to any tactical use of the lane?

Answers to the above questions can help guide the development of the concept of
operations fora VSW MCM UUV.

3.1.1.1 Steps in the Mine Hunting Process
The mine-hunting/clearing process is logically divided into seven primary tasks:

Deployment and distribution of assets
Execution of a search strategy
Detection of mine-like objects
Classification and identification
Neutralization

Verification or certification of clearance
Recovery of assets.

NNk =
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To ensure that the mine clearance is complete, the sequence above may need to be
repeated several times, depending upon the level of acceptable risk. The current use of
dolphins for detection and divers for identification and neutralization requires that some but
not all of the steps be repeated. For example, the target objects (candidate mines and
obstacles) must be acquired twice, once by the dolphins and once again by the divers.

3.1.1.2 The Deployment of One Complex or Many Simple Vehicles

If only one very competent agent was assigned to accomplish the above sequence, we
must assume that it would be quite valuable (as are divers and dolphins), requiring the
completion of all steps through recovery, and returning the cost/benefit advantage to the
inexpensive mines. The assignment of a few of such agents would not materially change this
situation.

If, on the other hand, many relatively incompetent and yet inexpensive agents could be
used for mine hunting/clearing, then we may not have to accomplish all the steps above.
Definitely, we would need to perform steps 1 and 5, and quite likely, 6, but detection,
classification, and recovery could be inconsequential if the many cheap agents could clear the
lane of mines.

A Massachusetts-based company, iRobot, an outgrowth of Professor Rodney Brooks'
work on subsumption architectures at the Massachusetts Institute of Technology (MIT), has
developed a crab-like robot, the Ariel Autonomous Legged Underwater Vehicle (ALUV), for
mine and obstacle neutralization.

In an amphibious assault operation, a fleet of these expendable bottom crawlers are
deployed to collectively search a zone. Each will find and secure itself next to a mine,
then wait for a detonation signal. For non-destructive operation, modifications can be
made to allow the robots to deposit an explosive in a predetermined location and
move to safety before detonation. [iRobot]

Questions remain on how the ALUV would find the mines, maintain an efficient search of
the designated lane, and find their way safely out of the search area if recovery was required.

A modification of the iRobot approach could have the ALUV-like agents distribute

themselves over the lane with a density sufficient to neutralize all resident mines and
obstacles. A "brute-force" approach is again contemplated here.
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Figure 2. iRobot's Autonomous Legged Underwater Vehicle.

There are two crucial questions that must be adequately addressed with the use of all of
the approaches that use sensor/capability-limited agents: (1) would the clearance be
complete, and how would we assess this? and (2) what would we do with our own
unexploded ordnance (UXO) that could survive this process?

There are other approaches:

There are two possible concepts for both crawling and swimming UUVs for mine
detection. The first possible concept of operations for using robotic systems in a
VSW environment would be to employ a moderate number (6-12) vehicles in a
collaborative mode to 'swarm' onto a target. In this concept, the UUVs have a very
basic collaborative algorithm that simplifies navigation and would use a magnetic
detector to help each other find the target. I'm not sure how well this would work in a
multiple target environment, however. (SANDIA LABS have been doing some work
in this field). The other concept is to use one or many robots to search and detect
mines. In this case, each robot is independent of the others and could use a pattern or
random-search methodology to cover an area. This concept would work better in a
multi-target situation, and probably require fewer systems, but would require more
complicated robots. [Clemons, 2000]

The basic question here is whether to assign one or more vehicles to the task. Since the
task is distributed (there are many mines in the VSW/SZ and possibly many different types of
mines and obstacles deployed), an assignment of many vehicles with different capabilities
may be preferred to the assignment of one multipurpose vehicle. Task completion time can
be decreased, of course, with increased numbers of resources applied in parallel. The current
operational process of draping a mesh of distributed charges over a minefield in the SZ or on
the beach to clear a lane is a very simple example of a distributed solution, while the current
practice of using dolphins for detection and humans for classification is an example of the
multi-agent approach.

The specific technical requirements for logistics, power densities, sensor configurations,
communications, and control capabilities will vary depending upon how the seven primary
MCM tasks are allocated among the several vehicle types. The fundamental advantages of
the application of multiple agents, however, are in speed and in reliability of mission
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completion, that is — in overwhelming power. The fundamental disadvantage is in cost. When
costs per agent could be sufficiently reduced, as was historically the case with the common
foot soldier, the economics of combat was simply the more the better.

But all is not so simple, for:

It is a mistake to think that intelligent group behavior will emerge from a collection
of simple robots [Albus, 2001]

To achieve useful, if not intelligent, group behavior from a collection of simple robots,
some very smart planning and clever programming may have to be performed in advance of
the deployment.

The goal of the Swarm project at IS Robotics is to develop techniques for
programming a distributed group of autonomous robots. Programs for individual
robots need to be robust in the face of complex environments, and the group software
needs to be tolerant to the failure of any number of individuals. The algorithms
developed must be designed to be completely scaleable, that is to function with
groups of 10 or groups of 10,000. [iRobot]

A strict either/or choice in the question of one complicated agent versus many simple
agents may not be the best way to have asked the question, for there are other alternatives.

NAVEODTECHDIV is pursuing a somewhat similar problem, namely clearing large
quantities of small UXO (bomblets). They are working on two concepts, both of
which involve a significant number of small UGVs operating simultaneously within a
target area. The small UGVs are thought of as semi-expendable. In one concept, the
small UGVs perform either a random search or a pattern search and when a UXO is
found, act to neutralize it (representing a potential trade in thoroughness for speed).
In the second concept, a single large UGV searches for and locates the UXOs after
which the small UGVs are dispatched to neutralize them (representing a potential
trade in cost efficiency and in speed for thoroughness). A variant of this latter
concept might be to have the large UGV release a small UGV whenever a UXO is
found. There is some interest in "marsupial" robots these days and the DARPA
Tactical Mobile Robotics program has done some work in this area. [Schwartz,
2001]

The marsupial concept has several advantages. The "mother" robot could provide not only
transportation, but also computation, power, and communications support, in some respects
substituting for human support personnel.

The next Figure shows an early marsupial application involving the MDARs-E platform
as the "mother" and the MPRS URBOT as the deployable element. The gas-powered
MDARS-E platform transports the battery-powered MPRS URBOT to a RSTA site where the
URBOT is released to provide high-risk target acquisition and laser designation. Operators
drive the remote URBOT using communications relayed through the intermediately located
MDARS-E platform.
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Figure 3. MDARS-E and MPRS URBOT in a "marsupial" configuration.

Another variation on the distribution of different capabilities between non-equivalent task
agents follows:

The sensing pod need not be rigidly attached to the base vehicle. Nor need the
communications method. Examples could be floating antenna, pop-up cameras,
vehicles could be tethered to each other in pairs or by snag lines. The principle is
distributable sensors and effectors. The distributed elements may be camouflaged to
appear as natural objects in that particular environment. Distributable sensors may be
less expensive than moving a larger vehicle. They may be abandoned. They may
provide multiple perspectives, they may not require much in the way of machinery
and power. [Schempf, 2001]

As is often the case, the feasible solution may be a compromise between the many factors
from the different domains of operations, programmatics, and technologies. An important
lesson, however, is to try to avoid adherence to any particular solution or process model, for
other solutions may be admitted following the relaxation of a constraining factor from among
any of the domains.

3.1.2 Target Localization and Mapping Techniques

Mapping involves establishing both the frames of reference and the rules for transforming
the locations of objects between those frames of reference. When the locations of the objects
in both of the frames of reference are unknown, then methods of target localization must be
developed and applied. Target localization is the first problem of mine hunting.

Looking for the mine where it is most likely to be found is a good way to start, but one
must first establish a frame of reference for that territory. The absence of our customary
natural frames of reference under water contributes to the difficulties we have in navigation
and mapping there.

A TOV underwater is very difficult to navigate as there are no horizon or other
landmarks for orientation. Disorientation should be expected. [Schempf, 2001]
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Thus, underwater we see no horizon, we see no GPS, we do not see very much at all. For
this reason, existing operations pre-position sound-reference beacons to provide landmarks.

If this pre-positioning of reference posts is impractical for whatever reason, then what are
the alternatives? One possibility could be the positioning of reference posts on the fly, that is,
in the process of mapping. An agent in the beginning of a map operation might deposit its
reference posts in the best configuration that it can, and then work within its own grid.

Another possibility could be that once in the area to be mapped, the diver or vehicle might
"look around" with sonar to find local references. This process could succeed if there were
two or more detectable sonar landmarks. Fixed obstacles would be ideal for this purpose, for
they should describe a unique pattern of placement relative to the slope to the beach. Then as
the agent moves through the area, it could continue to take sonar bearings from those
landmarks, and with the aid of an inertial navigation system (INS) and a compass, map the
relative locations of its way-points. The agent would calculate how the sonar bearings would
change as it moved relative to its landmarks. The confirmation of this calculation with the
actual sonar returns would tell the agent where it was located. This calculation would be a
computationally intensive process, but quite within the capabilities of current technologies
for either a manned or unmanned system.

Beyond the solution to the problem of navigation and mapping, one must decide how best
to search the area. Possible criteria for a good search include:

» Coverage—how much of the territory is actually searched?

» Detail—how many different types of targets are catalogued?

»  Speed—how quickly can the search be completed according to the two previous
criteria?

Any of the search criteria can be traded in favor of the other two.
In addition, a search pattern can be governed by either one or both of two basic factors:

» Intrinsic—internal rules that plan and control the search.
» Extrinsic—external conditions that control the search.

Intrinsic factors are often considered to be intentional or systematic, while extrinsic
factors are often considered to be random.

Random search patterns are not efficient. [Schempf, 2001].

The environment is not random, which could defeat a random search pattern. [Albus,
2001]

In nature, the first sensors developed in marine animals were for chemicals, light, and
gravity. With these simple sensors, agents could find and discriminate relevant targets, and
orient with respect to the vertical, which facilitated navigation. To the degree that the stimuli
activating those three types of sensors (and thus controlled the behavior of the animal) were
regular and consistent, the animal appeared to behave systematically. Memory, a much later
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addition, improved the consistency of behavior in complex (para-random) and simple
environments.

The locking of the search pattern to an extrinsic event can create the appearance of
randomness if the event is unpredictable, but can also create the appearance of consistency
otherwise. If the object of the search provides a reliable and detectable factor, then locking
the search pattern to that factor might be a good idea. Whether the pattern was random or
systematic would not matter in such a case if all of the search objects were found. Counter-
mine countermeasures, of course, will attempt to mask all such factors.

The information available to a tidewater UUV may be greater than our own experience
permits us to presume.

Consider multi-resolution maps: Perform multilevel planning by time frame and by
other time dependent factors. Can monitor wave and tide action using pressure and
flow sensors, and plan behaviors accordingly. [Albus, 2001]

Obviously, orienting is a major aspect of mapping. Similarly, searching is a major aspect
of orienting. Some of the earliest examples of mapping in nature are the abilities of
arthropods such as bees and ants to find their way to and from sources of food and the nest.
These species search for key stimuli—a chemical trail, or the position of the sun. They then
orient to the key stimulus and maintain that orientation during their excursions. Bees can
communicate their maps to other bees. There is evidence that ants behave similarly. These
species definitely depend upon group action for survival, thus maps are critical to the
coordination of several otherwise independent searches. At the next level of the phylogenetic
scale, however, the mollusks (snails, slugs, and octopuses) that generally live solitary lives,
also use maps to navigate. We may be able to follow the suggestion of Albus by applying the
elementary mapping capabilities of arthropods and mollusks to simple UUVs in the
VSW/SZ. After identifying the key orienting features of that environment, the simple UUVs
could then create, use, and communicate maps to their co-specifics.

3.1.3 Operational Logistics and Supportability Issues

Smaller entities tend to be less expensive under all measures of cost ( yachts, dinosaurs,
UUVs, and computer software are familiar examples of this truth).

Smaller of everything (except on-board intelligence or processing capability, and on-
board power) was better because support requirements were much reduced. [Walton
and Uhrich, 1995]

Small inexpensive agents require less maintenance support because they can be replaced,
but the need for replacements can add to the logistics load. Agents of the approximate size of
man are easier to work on as the components may be just large enough to see with unaided
vision, and just large enough to manipulate by hand. This size is an advantage if in-service
maintenance is desirable. The main advantage of the largest agents is that their maintenance
requirements are generally less following collisions with the smaller agents.

Obviously, the task circumstances should determine the appropriate size for an agent.
Those agents, for example, that must operate in man's environment, using man's hand tools
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and negotiating human spaces, must scale to the dimensions of man. On the other hand, man
has developed tools across many scales, some quite large and powerful, others, quite
miniature. The integration of controller and tool could result in agents at all those scales.

Small agents require refueling more often than large agents. Often, however, the low
power reserve of small agents can be compensated with cooperating numbers.

Generally, the cheaper a product, the more abundant it becomes. This abundance can
contribute to the VSW MCM solution and to its problem. Therefore, the proliferation of
small, inexpensive, and adaptive agents must be controlled; otherwise, they will surely
appear as mines.

3.1.4 Concepts of Deployment/Recovery

Deployment and recovery of UUVs in non-military contexts are not burdened by the need
for covert operations, but are still troubled by all the problems of dealing with the sea and
with the weather. As with other aspects of logistics, vehicle size is a factor. Smaller vehicles
are easier to handle than larger vehicles. But smaller vehicles must be placed in proximity to
their targets for lack of endogenous sustaining energy.

How to address power density? Batteries do not have adequate staying power; best to
avoid fighting gravity; air deployment is more efficient than water deployment.
[Schempf, 2001]

Air deployment generally precludes covert operations and raises the question of air
recovery, but it may work effectively as part of an in-stride clearance operation. After which,
recovery could be accomplished at leisure.

If the agents do not have to be recovered, reserve power requirements are reduced.
3.2 PROGRAMMATICS
3.2.1 Acquisition Strategies

The commercial UUV product appears more mature than the UGV product because the
undersea environment is more hostile to man, thus motivating the markets for, and then the
development and production of UUVs. The opportunities for commercial participation in the
VSW MCM acquisition are therefore greater. The commercial UUV industry also has a
broader base favoring competition.

3.2.2 Performance Parameters and Methods for Test and Evaluation

A major problem with system-level testing in the Department of Defense (DoD) today is
that we can almost never tolerate failure. Military and civil service careers, company profits,
and political reputations all depend upon successful acquisition programs. Thus, measures of
performance (MOP) and measures of effectiveness (MOE) are nearly always set to levels that
are inversely proportional to the probability of failure of the system. As a consequence,
poorly designed systems pass their tests, that is, they survive, and their very persistence
contributes to the replication of their design flaws in subsequent systems. Only during total
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warfare, when other careers depend upon the demonstration of the vulnerabilities of our
products, does it become apparent to us what works and what does not work.

Nature has been much more efficient through the processes of evolution in funding
programs; only the fittest designs survive. While one could say that warfare is pretty much
continuous in nature, the most successful natural design features are still proven in that
process and are reproduced again and again in all variety of subsequent organisms. Recent
discoveries in the huge overlap in Deoxyribonucleic Acid (DNA) between unicellular
organisms and man bear this out. Another example of the preservation of working designs in
nature are the similarities in brain organization between all mammalian species, including
man, but of course, the origins of those similarities are in the DNA.

A lesson from nature for developers of artificial systems could be that unrestrained "live-
fire" testing should occur as early in the developmental cycle as possible, and should include
efforts of opposing (Red) forces, as determined as would be real competitors, to defeat the
proposed design. Then, if the design fails to survive, measure its cost of production against
the costs to the enemy to defeat it. If favorable, then let it continue; if unfavorable, then let it
become extinct.

But even a good design can suffer from bad production.
Nothing substitutes for fundamentally reliable equipment [Yoerger, 2001].
Just takes extra effort, test and test again. [Yoerger, 2001]

The hardest thing is to get everything to work at once: things that fail could be a
latch, a motor, a connection. The underwater environment is unforgiving. [Yoerger,
2001]

3.2.3 System Definition

A system could be defined at many different levels of complexity or integration. The
control system may be composed of programs that manage task priorities, sequencing,
memory and access, and communications. The vehicle is a system of components that may
include frame and chassis, sensors, motors and propulsion, energy sources, communications,
and control functions. The MCM system may include the vehicle, the operators, the support
craft, the navigation buoys, and the operational environment including the mines and
obstacles. The architecture is one way to describe the system.

Don't waste time talking about architecture, more reliable components are better.
[Yoerger, 2001]

Another definition of reliable is survivable (see section 3.2.2).
Keep computer scientists out of the project. They will build an immense software
edifice and keep mucking with it forever. It will take 10,000 CPU cycles to add 1+1

and need to go at S00MHz to have the through-put to talk to a peripheral that is only
a single-chip 8-bit microcomputer. Use something simple. [Bradley, 2001]
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There is a tendency on the part of researchers to reach for the elegant solution when
the real need is to keep developmental efforts as simple as possible. The KISS
principle often gets overlooked. It seems to me that a total system approach would
take as much advantage of a human operator as possible. [Jenkins, 2001]

Most AUV designs are limited by power available. This comes out in the first "back
of the envelope" design cycle. Those projects that then panic and go to the handbooks
to choose "the best power source" rarely allocate enough effort to taming the exotic
choice they came up with. There are enough problems to face, start a new AUV
design with a simple power source. When it's working, then you can update the
power system. [Bradley, 2001]

Reliability engineers know that total system reliability is a product function of the
reliabilities of the critical components. As component cost is related to the reliability
requirement, it becomes economically impractical to demand too high a reliability for any
one component. An alternative to achieving high system reliability through high component
reliability is to reduce the number of critical components. This reduction can be
accomplished either through simplification, or through redundancy. Since redundancy is also
expensive, simplification is preferred, as above.

However, as much as simplification is desirable, there are few real-world working
examples of simple systems. From the realm of elementary particles, to the metabolism of an
amoeba, to the modulation of temperature in the atmosphere, real systems are very complex,
with lots of feedback and feed-forward among the components. We need a way to understand
this complexity. Describing the system architecture with its information exchange
requirements is one way.

There are several ways to define simple in the context of robotics applications. Our
common conception of simple is something that is singular, basic or fundamental, and easy.
(We also use simple when we mean stupid and naive.) So far, the uses in this report have
suggested that a few lines of code are simple, a few system components are simple, and a
limited functional capability is simple, perhaps as a consequence of the first two uses listed in
this sentence. We must admit, however, that simplicity is an illusion based upon to what we
are paying attention, for if something works well, no matter how internally complex it is, we
can ignore it.

A simple solution is an adequate solution. [Hudson, 2001]

A robot may be of any degree of internal complexity as long as its demands on the
user are simple. [Hudson, 2001]

Another way to look at the simplicity of a solution is to consider its compatibility with the
remaining infrastructure, which is implied in the last definition by Hudson. The questions to
be asked are as follows:

« Does the solution meet the requirements?

» Does it violate any of the requirements?
« Does it reduce the total costs of doing business?
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A simple solution, then, makes life easier in all measures for the user. A complex solution,
by contrast, is one that has the potential to increase workload and costs.

3.2.4 Other Programmatic Issues

As a consequence of the first autonomous underwater search system (AUSS)
prototype in-ocean testing, the most significant lessons were learned. These lessons
resulted in major evolutionary changes to the design. Only after those design changes
were implemented was system feasibility demonstrated. By that time, the technology
employed in the prototype had become outdated. Sea tests, modifications or
evolutions to operations and tactics, and modifications or evolutions to design and
implementation became synergistic and interactive. Thus, two prototypes were
required. One lesson is that the system must be designed to accommodate rapidly
evolving technologies - modularity would help here. Another lesson learned is that
the system such as AUSS (where the operational environment is not well understood)
must be developed interactively with the user and in the operational environment as
much as practical. [Walton and Uhrich, 1995]

The UUV industry has produced several commercial products for deep-water operation.
Much of this technology is, of course, directly applicable to the VSW UUYV applications.
Examples are as follows:

v" Commercial UUVs: deep water Maridan 600 cost from $1.5M to $2M (Maridan
of Denmark); Hugin (Kongsberg Simrad/Statoil of Norway.

v Navy mine-hunting UUV: Long-Term Mine Reconnaissance System (LMRS)
scheduled for initial operation in 2003.

v" Royal Navy mine-hunting UUV: Marlin, developed by BAE Systems for the
Defense Evaluation and Research Agency, in operational evaluation in 2001.

v" Academic UUVs: Woods Hole—REMUS (~$175K); MIT—Odyssey,
w/Lockheed Martin—Cetus 11 ($45K) ; Florida Atlantic University— Morpheus.
[Wernli, 2000]

Table 2 lists web sites for many UUV producers [Wernli, 2000].
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Table 2. Internet addresses of UUV producers.

URL

Vendor

www.dw-1.com

Douglas-Westwood Associates

www.maridan.dk Maridan A/S
www.cctechnol.com C&C Technologies
www.kongsberg-simrad.com Kongsberg Simrad

www.racal—survey.com

Racal Survey

www.bluefinrobotics.com

Bluefin Robotics Corporation

www.fgsi.fugro.com

Fugro GeoServices Inc.

www.ise.bc.ca

International Submarine Engineering Ltd.

www.oceanscan.co.uk

Oceanscan Ltd.

www.k-marine.co.jp

Kodusai Marine Engineering Corp.

www.whoi.edu

Woods Hole Oceanographic Institute

WwWw.soc.soton.ac.uk/autosub/

Southampton Oceanography Centre, Autosub

WWwWw.jamstec.g0.jp

JAMSTEC

http://underwater.iis.u-tokyo.ac.jp/Welcome-
e.html

Tokyo U., Ura Lab.

http://www.oe.fau.edu/AMS/auv.html

Florida Atlantic University AUVs

http://auvserv.mit.edu/

MIT AUV Lab

An interesting commercial website that contains much useful information on unmanned
underwater vehicle technologies may be found at [ISE].

An even larger list of vehicles and associated technologies specifically oriented to the
MCM missions is available from [Fletcher, 1999]'. Besides a complete listing of vehicles
that have been developed and/or applied to the MCM tasks, Fletcher provides useful
comparisons among UUV energy sources, communication modes, methods of navigation,
sensor capabilities, and mine neutralization strategies.

Most attention given to ROV and AUV MCM efforts, however, have addressed either the
shallow-water or deep-water mine problems. The closer one attempts to drive the UUV to the
beach, the greater the sensing, navigation, communication, and control problems become.
Even in deeper water, Fletcher notes that all but one of the Fleet-deployed systems today are
ROVs. The benefit of the ROV is, of course, that the human is removed from the site of the
action, but human labor is not reduced, and it may actually be increased by the difficulty of
task execution from a distance. Thus, the principal shortcoming of a ROV, whether on land,
in the air, or in the sea, is that at least one human must continually monitor and control each
ROV. Considerable information must be transferred from the ROV to the operator to make
effective remote control possible. If the information is changing rapidly, as it does in the
complex terrestrial environment and near the beach, or if the information is restricted, as it
often is in the underwater environment, the challenges of purely teleoperated control can

become task-prohibitive.

! Barbara Fletcher. 1999. “Worldwide Mine Countermeasure (MCM) Vehicles and
Technologies.” Report submitted to the Office of Naval Intelligence. September. Contact

author at SSC San Diego.




3.3 TECHNOLOGIES

RADM Kemp, PEO, Mine and Undersea Warfare, summarized the current outstanding
technology issues in mine countermeasures that, in part, motivate the present project:

Buried mined detection

Pressure mine sweeping

Cost

Precise underwater navigation

Data fusion for the common tactical picture
VSW/SZ operations

Stand-off neutralization [Kemp, 2000]
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The reasons for these shortfalls in VSW/SZ MCM capability are attributable primarily to
the turbulence of the water near the beach, and to the difficulties of sensing and
communications in this environment. We will review these issues in the following sections.

3.3.1  Sensor Technologies

SPAWAR Systems Center, San Diego (SSC San Diego) has produced for the Office of
Naval Intelligence (ONI) a survey of sensor technologies available for MCM operations
[Fletcher, 2000]°. Sensor types covered include electro-optic, acoustic, and magnetic.

Acoustics are very difficult in the VSW/SZ due to air bubbles, sand, and wave action.
Multi-path is significant. Higher frequency acoustics provide better resolution. Most
of the effort will be in signal processing due to the problems with acoustics in the
VSW/SZ. [Schempf, 2001]

Much has been done in the DoD community (including target classification for the
shallow-water, near-shore security arena) in the field of sonar data processing.
Utilize the results of this work instead of developing new sonar data processing and
classification capabilities. [Heath-Pastore, 2001]

Chemical detectors should also be considered for mine detection and classification. Both
DARPA [DARPAO1] and ONR [ONRO1] are programming resources that may be leveraged
to explore this possibility.

3.3.2 Communications and Control Methodologies

The experts from WHOI and elsewhere with whom we interviewed were unanimous in
their opinion that acoustic communications are very difficult in the VSW/SZ. Without
reliable high-bandwidth communications, external control will be difficult. Some other
strategies for communications were suggested, however.

? Barbara Fletcher. 2000. “Worldwide Mine Countermeasures (MCM) Vehicles and
Technologies.” Report submitted to the Office of Naval Intelligence. Contact author at SSC
San Diego.
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Communication in the VSW/SZ will be very difficult; acoustics are extremely noisy,
and RF energy is absorbed and scattered making it next to useless. Deploy antennas
for communications and navigation. [Albus, 2001]

Acoustics hardly ever works, especially in shallow water. [Yoerger, 2001]

Communications is very difficult in the underwater environment, and especially in
the VSW/SZ. Using ultrasonic, the state of the art might be 19.2 baud. [Schempf,
2001]

Configure your project to succeed even without acoustic communications. Give
the communications group a firm budget and have backups if they never deliver.
[Bradley, 2001]

Multi-agent collaboration is also very difficult for basically the reason of poor
communications. [Schempf, 2001]

Communications can be required either between agents or between an agent and the
human operator. Between agents, distances may be quite short, and information requirements
quite small. Just the opposite may exist between an agent and the human operator. One well-
understood method of facilitating short-range communications is to adjust the method for the
medium. As the agents are themselves immersed in the medium, if they had the ability to
sense the transmission characteristics of the local medium, and had the ability to adapt their
communication methods, then between-agent communications may be possible in even the
most severe environments. Communications with the human operator are still disadvantaged
by distance and the uncertainty of the intervening medium, but relays of communicating
agents may reduce these problems. DARPA is promoting multiple UGVs to establish a
flexible RF communications network [DARPAO2].

Computing is not an issue, but poor communications increase computing load.
[Schempf, 2001]

Un-tethered systems require considerably more intelligence than tethered versions
designed to perform similar missions. The more the autonomous capabilities of the
system, the greater the range independence that is afforded. [Walton and Uhrich,
1995]

The iRobot Swarm control processes depend upon communications among the agents. IR
links are currently used, however, trails are also under consideration. The robustness of these
methods underwater is questionable, but an acoustic method of swarm control is under
development at iRobot for application in the VSW/SZ [iRobot].

3.3.3 Other Technology Issues
The VSW/SZ is subject to strong currents and water turbulence; vehicles will be tossed
about, making station keeping very difficult. The power available to small UUVs was a

concern of most developers we interviewed. Most developers indicated that navigation was
going to consume lots of power, while several recommended strategies to conserve power.
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The VSW/SZ is a physically turbulent place. Just getting around will be difficult and
consume lots of energy. Disk shape facilitates the crab's hydrodynamics in the SZ,
Consider a vehicle the shape of the sand dollar with water jet propulsion. [Albus,
2001]

If the agent "goes with the flow" then it needs good self-localization. [Brooks, 2001]

Much of the power in UUVs is consumed by locomotion. Currents defeat swimming
vehicles, obstacles defeat crawlers. However, a more successful strategy might
combine the two. [Schempf, 2001]

If one agent is deployed, it must have very good acceleration to operate in the
VSW/SZ. [Brooks, 2001]

The amazing ability of Salmon to negotiate the turbulence, strong currents, and obstacles
of down-rushing streams to reach spawning grounds must be admired, if not emulated.

Researchers at iRobot have tried to emulate the swimming dynamics of fish:

The goal of the DARTSs program was to develop a series of small autonomous
underwater vehicles that emulate the efficiency, acceleration, and maneuverability of
a fish. These biologically inspired robotic craft are equipped with a state of the art
system of flexible, actuated hulls capable of producing the large burst of force needed
for fish-like rapid acceleration and turning. The prototype, developed in cooperation
with MIT's Department of Ocean Engineering, is roughly three feet long and consists
of a series of lined actuators, a spring-wound exoskeleton, flexible lycra skin, and a
rigid caudal fin. Modeled after a pike, its foil mechanism "flaps" to create vortices
that produce jets of high propulsive efficiency. [iRobot]

Figure 4. iRobot's DARTS fish-like vehicle.
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Track drive will likely be more useful than legs. [Albus, 2001]

Navigation is problematical due to poor sensing and communications, and due to the
turbulence of the environment. GPS could work if one could deploy an antenna above
the surface of the water. [Albus, 2001]

Between an ROV and an AUV, the AUV is a niche tool: the AUV is perhaps more
practical to operate at night; the AUV is more energy efficient because bright lights
are not needed to help the operator navigate. [Yoerger, 2001]

For an underwater application (discounting snorkeling), the UUV will be limited to
battery or fuel cells. For a crawling vehicle to be able to withstand turbulence, it
would have to be heavy, thus putting a larger load on power. The UGV community
has found that current battery capability severely limits operational life and they are
looking to fuel cells to help solve the problem. In many cases for robots under 100
Ibs, the mobility and navigation power requirements limit the payload capability. If
the UUV could snorkel and use a system with higher power density, that would help
with the power limitations. [Clemons, 2001]

In some scenarios, it might be possible to have a small robotic surface platform with RF
capabilities running a fossil-fuel generator, and providing power and communications to a
robotic underwater vehicle to which it is coupled via an umbilical cable. The length of the
umbilical cable may be minimized by coordinating the movements of the surface and sub-
surface vehicles.

Be ruthless about your hotel load. Make every effort to keep it a small fraction of the
power budget. There's no excuse for a system where the computer takes 30% of the
system power. [Bradley, 2001]

In the human, and we presume in the dolphin as well, the brain consumes approximately
25% of the body's oxygen (and thus, energy metabolism) at rest. Adaptive processes,
supported by this considerable computational capability, reduce energy requirements overall.

The problem of energy reserve and conservation is not generally a significant problem for
most academic developers of UGVs who either dock their vehicles at recharging stations or
simply change batteries whenever necessary. Nature, however, has appreciated this problem
and addressed it with three basic approaches:

» First, a large part of the sensor, motor, and central controlling apparatuses of each and
every non-chlorophyll-containing organism is dedicated to the acquisition and
consumption of energy, and most of the organism's active moments are so directed.

» Second, when not pursuing energy, most organisms sleep or go into suspended
animation to conserve energy.

» Finally, when external energy sources are in short supply, the organism feeds upon
itself. Stored carbohydrates are burned, followed by stored and structural fat,
followed by structural proteins.

The top priority for a natural organism is to survive by acquiring energy, even if this takes
the sacrifice of structural elements to sustain behavior in the pursuit of more energy.
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Could robotic systems be similarly designed? If an energy-depleted robot is useless, then
it might as well be consumed in the process of providing energy for itself so that it can
continue to perform its function a little longer. To accomplish this, structural elements would
have to be convertible.

Another possibility is for the robot agent to extract energy from its environment. Breaking
the dependence of robots upon human operators for energy would considerably reduce the
amount of human labor that is currently expended in support of the robots. It may be also
necessary in order to achieve autonomously adaptive robot operations [Blackburn, 1984].
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4. RELEVANT UGV LESSONS LEARNED

An excellent starting point for a review and discussion of Lessons Learned from the
unmanned ground vehicle work is a recent contribution to the Army Science Board (ASB)
Summer Study for 2000 by Jack Taylor (DUSD [S&T]) on the status and challenges
associated with technologies critical to the fielding of UGVs [Taylor, 2001]. These
contributions are primarily reproduced in the Volume on Operations of that study [ASB,
2000]. Of particular interest are the several informative tables and associated text that relate
UGV technologies to FCS missions and to expected availability schedules.

In its Executive Summary, the ASB concluded:

Robotic technology will be available for the Army's planned development for either a
follower or an assisted path robot with information derived from the organic ISR
system. Autonomous robots were judged to be unavailable for 2006 EMD but would
be available for 2015-2025 insertions. [ASB, 2000]

An earlier, yet still relevant, discussion of the applicability of robotic technology to
military operations (primarily Army) can be found in Robotics Workshop 2020 [SAIC,
1997]. The Workshop summary presented the following main points:

v

v
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A duality was noted between use of robotic systems for tasks that humans cannot
or should not execute, and use to enhance human actions.

A network of semi-autonomous mobile sensing robots of varying sizes and
attributes was seen as a powerful and important application.

Automated systems can play an increasing role in information-related tasks,
including the more "qualitative" aspects of decision-making.

Robotic systems as decoys were a favored application.

Of the various sizes of robots discussed, "micro" robots were seen as perhaps the
most important and broadly useful.

Order-of-magnitude advances are needed in artificial intelligence and all aspects
of mobility.

Other priority robotics-related R&D pursuits include power sources, actuation,
sensor fusion, and materials.

Prioritization of R&D spending for robotics should consider which enabling
technological advances must be pursued by DoD and which might be adopted or
adapted from the civilian/commercial arena.

New operational and organizational concepts will be needed to gain the
maximum utility from robotic systems.

Modularity in robotic systems was seen as highly desirable, but the associated
technological difficulties may outweigh the advantages.

There was a strong consensus to develop classes of robotic systems, probably
distinguished by gross size.

A significant degree of autonomy will be the key to robotic systems utility, but
autonomy is not the same as free will.

Participants considered the feasibility and use of "telepresence" as alternative to
teleoperation.
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v Development of "cyborgs" might be an innovative way to achieve covertness in
robotic systems.

v Biology holds a number of potentially important inspirations and models for
robotic development.

v' Use of robotic systems by the military may have important implications in
deterrence.

v' Appropriate cultural and organizational adaptation must be considered to gain the
full military use of robotic systems.

v Robotic systems must exhibit military behaviors, but they need not necessarily
exhibit soldier behaviors. [SAIC, 1997]

4.1 OPERATIONS

We will now review Lessons Learned from a variety of other individuals involved in
unmanned ground robotics programs, as program managers and as developers. The citations
below will provide justification for the cautious predictions of the Army Science Board
Summer Study for 2000 mentioned above.

4.1.1 Lessons Relevant to a UUV Operations in VSW MCM Missions
4.1.1.1 Merits of Teleoperation

In the teleoperated vehicle (TOV) mode, the human operator supplies all of the necessary
intelligence, though sometimes depending upon sensory data, usually video imagery and
microphone derived audio, transmitted from the remotely located vehicle.

An in-service teleoperated vehicle used for unexploded ordnance neutralization, the
RONS, provides some insights into the operational and technological issues of teleoperation.

The Remote Ordnance Neutralization System (RONS) is strictly teleoperated, weighs
600 pounds, carries a five-degree-of-freedom manipulator arm with a 100-pound
capacity. Operators drive the RONS using four video cameras, by either RF link up to
1000 meters or by fiber optic tether up to 750 meters. The vehicle can climb stairs
and pass through a standard doorway. The human operator provides all of the
necessary intelligence, drives and navigates the vehicle, detects targets, discriminates
targets, and determines the placement of charges. The mission is to clear small areas,
generally one unexploded ordnance at a time. Following placement of a charge, the
vehicle is driven back to a safe place and the charge is fired. This RONS is not
suitable for large mine fields. There is no requirement to operate covertly. The
vehicle is powered by lead-acid batteries which can be recharged by the operator's
High Mobility Multipurpose Wheeled Vehicle (HMMWYV). [Milcetic, 2001]
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Figure 5. Remotec's RONS teleoperated vehicle.

The conditions that accompany the RONS operation limit the applicability of its processes
to MCM operations in the very shallow water, foremost of which is the need to collect and
transfer back to the human operator adequate sensor information for navigation and task
control. Since a human operator must drive the RONS vehicle, there is no reduction in
human labor, although the human operators no doubt appreciate the stand-off range afforded.

When remotely operating the Man Portable Robotic System (MPRS) in a strict
teleoperation mode, the assessment team described several challenges, including:

limited information from on-board sensors;

operator fatigue;

video signal degradation;

and poor video contrast underground. [Laird et al., 2000]
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All the above challenges could be encountered in UUV teleoperation, along with a few
more specific to the underwater environment. However, teleoperation should not be strictly
dismissed as an option for the VSW MCM UUVs. While we are assured that RF and sonar
communications will be severely limited in the VSW/SZ environment, a fiber-optic link from
the UUV back to a control station may be practical. Such fiber-optic communications for a
UUYV with a range over several thousand yards was demonstrated at the Naval Ocean
Systems Center (now SSC San Diego) in the early 1980s. The major difficulty with
teleoperation, however, remains in providing adequate sensor information for the human
operator, who naturally works best with visual input. A drawback to video based
teleoperation for underwater uses is that the video camera requires reflected light from the
subject, and while low-wattage chemical lights are currently used by divers for mine
discrimination, projected light from a UUV is undesirable for use in covert night operation
and for its power consumption.

A teleoperated vehicle, and any ROV, is simply an extension of the operator's tool set.
Humans learn from childhood how best to use their hands and sense organs to operate tools
in their immediate grasp. Extending those tools beyond their immediate grasp changes all the
rules that they have mastered. Many children, though, already come trained in the control of
ROVs, at least those that have had the opportunity to play with remotely operated or radio-
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controlled cars, boats, and airplanes. The control functions for these vehicles are generally
easy to learn as long as the child can view the motion of the vehicle in response to control
commands. The placement of cameras on the moving parts of the ROVs to provide more
proximate visual information to the remotely located human operator requires the learning of
new transformations that are not common to radio-controlled toys. Not surprisingly,
operators find it easier to learn the transformations when their perspective of the action is
taken from a fixed location (as they have when operating a radio-controlled toy).

Retraining the operators and testing their competencies with new tools and new rules for
remote manipulation must accompany the introduction of ROVs into the operational
environment.

However, for an alternative opinion:

Teleoperation is not as difficult or taxing as some would have you believe. If your
designs are simple and effective, the learning curves are short. This allows operators
to qualify quickly. Anything you can do to reduce the operator's workload is good,
and highly dense/complex interfaces do more harm than good. [Klarer, 2001]

4.1.1.2 Merits of Supervisory Control

The many difficulties associated with teleoperation, combined with the current
technological unfeasibility of true autonomous robotic control, have motivated researchers to
try a hybrid approach to control, called supervisory control, or semiautonomous operation. In
this mode, the operator provides the task planning, problem solving, and perceptual
discrimination capabilities to the system, while control algorithms running on the robot
provide the low-level reactive control capabilities useful for obstacle avoidance and dead-
reckoning navigation.

The general feeling among the robotics community is that teleoperation is difficult
because of the manpower and communications considerations. At the same time, full
autonomy is believed to be too hard to achieve. Therefore, any control scheme will
have to include a capability to notify an operator when the robot has encountered
difficulty or has found a target. Control algorithms will probably allow one operator
to control a number of robots at one time by giving high-level orders such as search
area, search pattern, way points, etc., and let the robot do the local navigation chores.
[Clemons, 2001]

Teleoperation is a difficult task requiring significant training, experience, and
practice. Supervisory control can often support similar activities but require less
operator expertise. [Heath-Pastore, 2001]

From a series of security robot prototypes beginning in 1980, the U.S. Navy provided
technology design and integration for the development of the Mobile Detection Assessment
and Response System Interior (MDARS-I) and exterior MDARS-E platforms. These
platforms were designed to operate semiautonomously, following predetermined trajectories
through either warehouses or supply depots, respectively, avoiding unexpected obstacles, and
reporting on security events and conditions with minimal human supervision. The MDARS-I
platform uses sonar, inertial navigation, and the recognition of specially prepared landmarks
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to maintain its trajectory according to a given map of the interior spaces. The MDARS-E
platform, shown on the right in Figure 6, uses primarily differential GPS to keep itself on
track while following its surveillance route through a supply depot.

Figure 6. GDRS MDARS-I and MDARS-E platforms.

The MDARS team at SSC San Diego expected that a single operator could control a group
of agents dedicated to security tasks. This expectation led to the development of the Multiple
Resource Host Architecture (MRHA). The MRHA permits a single operator to command
and coordinate several robotic platforms that are used in physical security and inventory and
barrier assessment inside DoD warehouses and outside DoD storage sites. The automatic
route following and obstacle avoidance capabilities of the employed semiautonomous robots
permitted this more efficient use of human labor.

The level of supervision required by the MDARS platforms is minimized by the
predictability of the operational environment. When conditions are more uncertain, more
supervision is necessary to compensate for the weak perceptual and decision-making
capabilities of the platforms.

Preliminary user evaluations of the first Man Portable Robotic System (MPRS)
prototype and a family of assorted Operation Control Units in tunnel exploration
exercises at Ft Leonard Wood, MO have shown, however, that, under the conditions
present during the experiment/demonstration, sophisticated tele-reflexive operation,
even with a simple user interface, was neither required nor desired by the operators.
Operators preferred to have direct and absolute control over the operation of the
vehicle. [Laird et al., 2000]

The MPRS prototype was based on MDARS-E control technology. The amount of

supervision required to ensure the safe operation of the vehicles with the current capabilities
for reflexive (reactive) control in complex or uncertain environments is significant.
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Figure 7. Foster-Miller platform employed as the MPRS.

The Demo III XUV vehicles also evolved from the MDARS-E design, and were
employed in a RSTA scenario in an unstructured operational environment (see the next
section for more on the operation of the XUV).

Even in a supervised autonomous mode, the Demo III vehicle commanders were over
taxed [Burns et al., 2000].

The determination of the appropriateness of supervisory control may depend, however,
upon just how busy the operators are at the time:

Soldiers may prefer an autonomous system when under fire, but a teleoperated
system when at leisure [Dodd, 2001]

When an even greater degree of cooperation is required among the robots, the re-addition
of human operators may not be adequate. Indeed, the human operators often have
coordination problems of their own.

With Fetch II, IS Robotics [a division of iRobot] has built a test bed to address the
questions that arise when multiple munitions clearing robots are employed to sweep
an area. How can a lightly trained technician operate such a complex system? How
can the robots cooperate with one another to perform the task most effectively? The
Fetch II robots perform their tasks autonomously but with the supervision of a single
operator. Behavior Based intelligence in each Fetch II enables it to navigate through
real world terrain autonomously, using a relative coordinate positioning system and
task-specific sensors mounted on a robust mobility platform. The Behavior Based
software mediates robot-robot interference within the swarm and supports mutual
cooperation among them. The operator is free to task the robots at an executive level,
using a graphical map interface to define search and collection areas and mark likely
or unlikely unexploded ordnance targets. The Fetch II supervisory interface supports
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a range of human-robot interaction styles, from high-level re-planning to direct
teleoperation for smooth operation under various contingencies. [iRobot]

Figure 8. iRobot's Fetch Il vehicle

The plans for the deployment of robots in space face the problems of complex and
uncertain environments and coordination of multiple agents assigned to the same task.

But, a high degree of supervision over robotic operations in space has been unfeasible due
to the delays and other difficulties in communications.

Presently, sequences of commands are up-loaded to the space exploration robots for
execution. The robot, while on the Moon, Mars, or an asteroid, executes the command
sequence, if possible, and then waits for the next sequence. Serious exceptions can interrupt
the sequence.

The model of rover operations used for the Mars-Pathfinder rover, Sojourner, (and
the model planned for the Mars *03 twin rovers), is to manually generate sequences
on the ground and when necessary, perform additional sequence modifications on the
ground based on uploaded data. If something unexpected happens during sequence
execution, such as an out-of-range sensor reading or a longer than expected traversal,
the rover must be “safed” until further communication from the ground can provide a
new command sequence. This procedure often causes hours of lost science time and
makes it extremely difficult to take advantage of unexpected science opportunities.
[Estlin, et al., 2001]

Clearly, a mechanism local to the robot that would generate mission-useful sequences of
commands that would maintain robot safe-state parameters and deal with unexpected
exceptions to the task environment could avoid the time-consuming planning, re-planning,
transmitting, and reconfiguring that are now required from earth.

There is much in common between the underwater and space environments. Solutions that
are effective in either environment should be seriously studied for transfer to the other.
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4.1.1.3 Lessons Learned from the Rationale and Results for Demo Il

The Demo III program employed the experimental unmanned vehicle (XUV), which was
built by General Dynamics Robotics Systems (GDRS) based upon the MDARS-E platform.

Experience with the MDARS-E platform permitted the rapid development and testing
of the Demo III XUV. [Myers, 2001]

Demo IIT addressed three major areas with the objective to solve the problem of
semiautonomous navigation through a complex natural terrain:

= Machine perception
» Machine intelligent control
» Man-machine interface for supervisory control.

The issues in perception derived from the need to determine the most appropriate
path for traversal. Examples of aspects of the environment that had to be detected
were foliage type and density, ground slope, ground 3-D, and ground texture. The
most difficult machine perception problems were the detection of below ground
obstacles, and the characterization of foliage. Active millimeter wave sensors have
proven useful in the latter. [Bornstein, 2001]

The issues in intelligent control derived from the need to determine the most
appropriate military (tactical) behaviors. Considerations include cover and
concealment, potential ambush opportunities, and the route recon requirements. The
implications of the terrain and environment must be factored into these decisions.
Terrain navigation algorithms were developed upon the assumptions that cost
functions could be defined as essential motivators. Cost factors included physics
issues and tactical issues. Physics issues included the traversability of a depression, or
of foliage, while tactical issues might be the opportunity for cover and concealment,
making a depression or foliage attractive. The development and testing of these
decision strategies are not yet complete. [Bornstein, 2001]

Figure 9. GDRS platform (XUV) employed in Demo lll.
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The issues of the man—machine interface were relevant because the involvement of a
human in the operation of the vehicle was always required. [Bornstein, 2001]

The most significant lesson learned was that "you don't know what you don't know".
Thus careful experimentation in the real environment is necessary. Modeling and
Simulation (M&S) is useful only when you know sufficiently enough either about the
operational environment or about the agent that must operate in the environment, but
if there is much uncertainty about both, then you have to perform the tests in the real
world, for the combined uncertainty defeats the utility or advantage of the controls
possible with M&S. [Bornstein, 2001]

The Demo III program took the approach of developing a sophisticated on-board
machine intelligence, following the inspiration of Jim Albus (NIST), because of three
factors: doctrine, economics, and control. Doctrine or tactics required stealth. Stealth
would be lost with the fielding of random reactive agents. Economics did not permit
the development schedule required to acquire, test, and retrain to a novel military
application. Control was essential because of the anticipated close collaboration
between semiautonomous machines and humans in the operational environment, and
could not be guaranteed with random reactive machines. [Bornstein, 2001]

The focus on the RSTA mission was designed to encourage user input. The objective
of the Demo III program, however, was not to develop a scout vehicle per se, but to
develop semiautonomous navigation capability in a natural terrain. Thus, neither was
ATR a high priority investment but did receive attention because of the RSTA
mission scenario. [Bornstein, 2001]

Communications were addressed using available military equipment at the brigade
level. The limited bandwidth afforded by the available radios required attention to
greater on-board processing capability. [Bornstein, 2001]

User feedback on the capabilities of the Demo III XUV has been extremely informative,
not only for the utility of the state of the implementation of the technology, but also on the
match between user expectations and robot functionality. Following is a sample from the
Battle Lab Experimentation Final Report (BLEFR) for the Experimental Unmanned Vehicle
(XUV) Demonstration III ALPHA, May 2000.

In this experiment, XUV operated from one to two kilometers in advance of the
manned HMMWYV to which they were assigned. The user interface, the Operational
Control Unit (OCU), is a stand-alone computer that allowed the HMMWV
commander to control the two XUVs assigned to him. The communication system
for these XUVs was the Near Term Digital Radio (NTDR) system. [Burns et al.,
2000]

The Automatic Target Recognition (ATR) had a very high false-alarm rate and
had to be turned off to prevent inundating the operators with (false) target reports.
Target detection was limited to those manually panoramic (near-real time) images
by the OCU operator. [Burns et al., 2000]

35



The XUV’s limited obstacle avoidance ability required high vigilance and close
following by manned safety vehicles; numerous emergency stops (e-stops) of the
XUVs interrupted the natural flow and development of scout missions and the
experiment. [Burns et al., 2000]

Continually evolving diagnostic procedures resulted from different vehicle software
configurations and hindered the collection of consistent data over the entire trial set.
[Burns et al., 2000]

XUVs were assigned 36 route-reconnaissance missions. On six occasions, the XUVs
failed to respond to the mission execution message sent by the OCU. These six
failures are attributed to failure in radio communication between the OCU and the
XUVs, not to the OCU. [Burns et al., 2000]

Conclusions from the experiment:

v The XUV had no capability to avoid negative obstacles.
v' The XUVs demonstrated a limited capability to avoid positive obstacles. The
Demo IIT ALPHA XUV could not detect enemy vehicles. [Burns et al., 2000]

General Recommendations from experience with the operational control unit (OCU):

v" Add motion video as opposed to still imagery.

v" Add necessary sensors and pass information to the OCU to let the OCU
operator know the location of robots and what the robots are viewing.
Provide default RSTA function whenever the XUV doesn’t move or gets
stuck.

Provide an indicator on the OCU screen of the XUV inoperabililty.

Provide grid lines on OCU graphics.

Provide “Vehicle Health Status” function to the OCU interface.

Provide depth perception, tilt, and slant of the robots to the operators. [Burns
et al., 2000]
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While most of these comments appear to be in the category of deficiencies, and do not
represent the successful accomplishments of the Demo III ALPHA experiment, problems yet
to be overcome in a semiautonomous (semiautomatic) land vehicle are certainly obvious.
Later in this report, we will introduce comments and Lessons Learned from the technical side
of this particular experiment. (Demo III BRAVO results from the September 2000
experiment were not available during the writing of the present report in April 2001.

The DARPA/Army Demo III program is a bold attempt to provide navigational capability
to an unmanned vehicle. The MDARS-E program, using similar technologies, is one of the
few other DoD robotics efforts to attempt semiautonomous (semiautomatic) navigation. At
the Force Protection Equipment Demonstration (FPED III) in May 2001, at Quantico,
Virginia, the MDARS-E vehicle was the only UGV present and operating that did not depend
on strict remote human operator control for operation. Other UGVs at the demonstration
included those manufactured by Foster—Miller, I-Robot, MESA Associates, and Romotec.
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These last robots were all operated by remote control (TOV/ROV) through either a fiber-
optic or radio link. Practical examples of semiautonomous vehicles are rare.

4.1.1.4 Merits of a Complex On-board Intelligence

Given the operational difficulties of controlling a ROV in any complex environment, we
need to consider the alternatives. Some of the alternatives that UGV developers have
suggested include the addition of automatic control processes that may preempt operator
actions, or kick-in when the operator fails to act appropriately, and automatic processes that
generally control the UGV unless preempted by the operator.

These alternatives scale to the degree that the UGV contains sufficient sensor and
computational resources to make navigation and task decisions independently of a human
operator. To make independent decisions, whether good ones or bad ones, the onboard
intelligence must receive information that would ordinarily be available to the human
operator. This list includes state information on the vehicle, a variety of environmental state
information, and some elements from the tactical picture. In addition, the vehicle has to have
the means by which to act appropriately upon that information; otherwise, we cannot say that
a decision has actually been made.

What type of intelligence is required onboard any robotic agent to integrate the available
information and execute some appropriate response?

Different approaches to robotics control: knowledge-based vs. behaviorist;
deliberative vs. reactive [Albus, 2001]

Very briefly, we will try to contrast these approaches. Knowledge-based and deliberative
approaches share the infusions of abstract information from human experiences, which are
then saved in searchable data structures. As the robot's circumstances evolve, the control
process attempts to keep up by recalling, or reconstructing from the available data, a
sequence of appropriate responses. The knowledge-based/deliberative approach takes its
inspiration from the cognitive psychology literature. Expert Systems are one form of
knowledge-based artificial intelligence, and have made great chess players. The chess game
is a closed environment, and the rules are adhered to during the game, making it possible for
optimal or near optimal plays to be determined. Expert Systems break down in less
constrained environments.

The behaviorist or reactive approach encodes somewhat independent low-level responses
to specific events that generalize to a great variety of circumstances. The robot functions by
reacting with approach or avoidance responses to classes of environmental events and
stimuli. The most well-know proponent of the behaviorist/reactive approach is probably
Rodney Brooks at MIT. The behaviorist/reactive approach takes its inspiration from the
neuroethology literature. Neuroethology has excelled most in the study of bugs, fish, and
frogs, species that do not appear to depend much upon contemplation. And while these
species survive well in their native habitats, rapid changes to their local environments can
wipe then out. We should expect reactive robots to be similarly vulnerable.

Neither the knowledge-based nor the behavior-based approaches adequately represent the
biological mechanisms of intelligence from which they derive their inspiration. Some
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essential components of the mechanisms have always been missing from both. We suggest
that the critical and fundamental elements that have been missed are those that define
autonomy in the biological system, whethe